A new method for ion extraction from an anharmonic electrostatic trap is introduced. Anharmonicity is a common feature of electrostatic traps which can be used for small scale spatial confinement of ions, and this feature is also necessary for autoresonant ion extraction. With the aid of ion trajectory simulations, novel autoresonant trap mass spectrometers ͑ART-MSs͒ have been designed based on these very simple principles. A mass resolution ϳ60 is demonstrated for the prototypes discussed here. We report also on the pressure dependencies, and the ͑mV͒ rf field strength dependencies of the ART-MS sensitivity. Importantly the new MS designs do not require heavy magnets, tight manufacturing tolerances, introduction of buffer gases, high power rf sources, nor complicated electronics. The designs described here are very inexpensive to implement relative to other instruments, and can be easily miniaturized. Possible applications are discussed.
I. INTRODUCTION
There are many mass separation principles that are applied in mass spectrometry. In common to all is the need to at least partially ionize samples. Thereafter the mass/charge selectivity can be achieved through a number of different means. Magnetic sector 1 or linear quadrupole mass spectrometers ͑MSs͒ ͑Ref. 2͒ rely on spatial separation of ion trajectories before ion detection. A certain class of time of flight ͑TOF͒ mass spectrometers, as the name implies, will rely on flight time or temporal separation of trajectories in pulsed ion trains. These techniques aside, the remaining mass spectrometers all utilize some type of spatial ion trap [3] [4] [5] and subsequent analysis of the trap's contents. The analysis is either through inductive sensing of ion trajectories within the trap or mass selective ejection of the ions from the trap and subsequent ion current detection.
The most simple dynamic trap mass analyzer is the quadrupole ion trap ͑QIT͒ MS. 6, 7 This trap consists of three electrodes. A high voltage radio frequency ͑rf͒ potential ͑at a few MHz, and a few hundred volts͒ is applied to a central electrode. The central quadrupolar field acts as a nearharmonic virtual ͑pseudo?͒ potential well, which traps the ions. When the rf potential is increased, the trajectories of lighter ions become unstable, and those ions leave the trap. It is then possible to obtain a mass spectrum with good resolution by manipulation of ͑ramping up͒ the rf potential. Some resolution improvement may be achieved by using resonant pumping of the ions out of the quadrupole ion trap. Resonant pumping will be addressed shortly also in context of electrostatic ion trap MSs below.
Magnetostatic ion traps are often utilized. 8 Such MSs rely on the fact that all ions of a specific M / z have identical cyclotron periods. ͑The period is ion energy independent.͒ For good mass resolution this requires ideally the implementation of perfectly uniform magnetic fields.
Electrostatic ion traps 9 are used still more frequently, and these too often have certain requirements for their implementation in mass spectrometry. Confined ions may have a continuum of ion energies, depending how they are formed and how they are introduced into a trap. If the MS operates on a TOF principle, all ions of one M / z should circulate within the trap with isochronous orbits. What is more different is M / z ratios should exhibit differing isochronous periods. Specific electrostatic ion tap geometries can be made to achieve or approximate to this ideal. For example an electrostatic harmonic potential should give rise to an M / z-dependent but ion-energy-independent, oscillation period. Conversely, if the MS relies on mass selective ion ejection from the trap, all ions of one M / z should be ejected under the same conditions. Ejection is usually achieved through resonant pumping of the ion energy, with small amplitude rf fields, such that all ions of one M / z will escape the confining potential and all ions of differing M / z should remain confined within the trap. Again, in an electrostatic harmonic potential the resonant frequency is M / z-dependent but ion-energy independent. A strong ion-energy dependence in the confined circuit period is not desired for operation of many electrostatic ion trap-based MSs. We acknowledge, however, small deviation from the isochronous orbits however can be beneficial as a means of controlling ion bunching. 10 This paper concentrates on the usage of an electrostatic ion trap, and a novel means for mass-selective ion ejection from that trap for mass spectrometry. In this type of MS, the electrostatic potential is necessarily anharmonic in character. This requirement implies fewer restrictions on trap configurations and much less stringent manufacturing tolerances than are found in most other trap-based MSs.
We have developed, built, and tested several prototypes of this novel MS. Two specific prototypes will be shown in this article. The instruments operate on an entirely new basic principle, i.e., using the autoresonance of ions in an anharmonic electrostatic ion trap. Our MSs are very compact ͑one is less than 2 cm long͒, and require only a very small power ͑in the mW range excluding ionizer͒ as they use static potentials and a very small rf voltage ͑below 100 mV p-p ͒. Our mass specs have high sensitivities at low background pressures in the 10 −8 mbar range or below. The mass spec design principle enables ion accumulation and analysis of all ions contained within the electrostatic ion trap. A spectrum of its contents, over an unlimited mass range, can then be generated at rates of up to 100 Hz.
II. EXPERIMENT

A. Trap design and simulations
Our MS uses a short electrostatic ion trap using only two electrostatic mirrors. 9, 10 The design of the short electrostatic ion trap can be so simple that uses only two grounded round cups ͑diameter D and length L͒ and an aperture ͑diameter A͒ between them ͑as shown in the MS1 design of Fig. 1͒ . A negative potential −U trap is applied to the aperture. Simulation of this type of ion trap was carried out using SIMION7 software. 11 Within the simulation, the ion trajectories are stable if the cups' length L is between D / 2 and D. In the absence of collective loss mechanisms, the ions created anywhere inside the volume I, with diameter A, and length L / 2, marked by the dotted line, will oscillate indefinitely inside the trap.
The ions in our MS are created by means of electron impact ionization. Electrons that are generated outside the trap and that can enter the trap through a semitransparent trap wall, are decelerated and turned around in the trap, and will leave again. The electron kinetic energies therefore range, typically, between ϳ100 and 0 eV. A small fraction of the electrons are then able to ionize gas species anywhere within the ionization region, I, to create ions of a range of total energies, all of which are trapped within the larger electrostatic trap.
B. Ion extraction method
Our MS ͑MS1͒ utilizes the anharmonic ion potential of the short electrostatic ion trap as a means for trapping ions but also as a means for mass separation. The ion potential versus position along the ion trap axis, shown in Fig. 2 , exhibits a negative anharmonicity; namely, the effective harmonic coefficient decreases with increasing oscillation amplitude. The natural oscillation frequency for axial motion of an ion, o , in such an anharmonic potential thus depends on the amplitude of oscillation. This means that the oscillation frequency is determined by four factors: the exact trap geometry, the potential of the center trap electrode, an ion mass-to-charge ratio, M / z, and the instantaneous amplitude of oscillation. The ions with larger oscillation amplitudes have lower oscillation frequencies, o , than same mass ions with smaller oscillation amplitudes.
By the application of a low power rf potential, to one of the side trap electrodes, with almost the same frequency as the natural oscillation frequency of a trapped ion, the ion energy can be pumped up ͑or pumped down͒ until it oscillates with exactly same frequency as the applied potential . This phenomenon of phase locking of particles to the driving frequency, within an anharmonic potential well, is known as autoresonance 12, 13 and can occur provided the rf amplitude exceeds a critical threshold value. 13, 14 We mention only that parametric autoresonant driving, 15 with rf applied to the central electrode, equally generates mass spectra although its results are not demonstrated here. The discussion below, and spectra shown in this paper, will all relate to an autoresonant pumping mechanism with something approaching a linear rf amplitude drop along the full length of the MS trap. Now, if the applied frequency is subsequently and smoothly ramped down, i.e., down chirped, an ion will oscillate autoresonantly with ever-increasing energies and amplitudes in order to keep in synchronization with the applied frequency. Eventually, as the driving frequency reduces to a critical pumping frequency, Mz , the ion hits a side electrode or leaves the trap if a side electrode is semitransparent ͑a mesh͒. This implies that by ramping down the rf frequency, , we can cause any ion with the same M / z to leave the trap simultaneously, irrespective of when or where the ions were initially generated within the ionization region. There is a one-to-one mapping: each M / z has its unique o for ejection, Mz In taking a mass spectrum, the frequency of the applied rf must be scanned from high to low frequencies, such that ion energies can be autoresonantly increased and consequently a sequential escape from the trap occurs for successively higher M / z ionic ratios. As ions leave the trap, from the side opposite to the ionizer, their current can be amplified using the electron multiplier. The number of contributing ions is ͑under usual operating conditions͒ controlled by the number of ions produced in the entire time period between each ramp cycle, which is used to analyze all M / z ratios. This is in contrast to the case of the linear quadrupole MS which collects only the ions produced and transmitted in the time interval of one M / z mass peak alone.
C. Experimental setup
Data presented here were taken with two variants of the MS. The first, MS1 shown in Fig. 3 , has a cylindrical trap design as indicated in Fig. 1 . Therein commercially available plates and apertures 16 were used for ease of assembly. The cylindrical cups, made of ϳ50% transparency stainless mesh, are simply spot welded in place inside aligned apertures. Likewise meshes for electron input to the trap, and ion extraction, are also spot welded in place. Parallel plates are also used for support of a fine tungsten wire filament of 0.1 mm diameter.
The fundamentals of a second MS ͑MS2͒ are shown in Fig. 4 . This differs in that the electrostatic trap is constructed from parallel plates alone. The relative dimensions of r m , r t , Z 1 , and Z t are optimized to make the equipotential surfaces ͑as seen by trapped ions͒ very similar to those shown in Fig.  1 . SIMION calculated trajectories, as shown in Fig. 5 , demonstrate again confinement of ions within the trap, as per Fig. 1 . In our case r m , r t , Z 1 , and Z t are 3, 12, 25, and 12.5 mm, respectively, and trapping voltages ͑applied to the central electrode͒ between 500 and 2000 V were utilized. The resistor R on the central trapping or middle electrode is present only to allow the pick up of rf signal on the central plate. The rf bias amplitude therefore varies continuously with distance along the central axis between end plates. The rf supplies less than 50 A at less than 100 mV p-p , and thus runs at Ӷ5 W. The programmed rf waveform we have used is generated on a single chip 17 and is applied directly, without amplification, to pump ions autoresonantly.
There are no stringent tolerances in fabrication of these autoresonant trap-MS ͑ART-MS͒ systems. The autoresonant ion energy pumping phenomenon is very insensitive to the exact form of the anharmonic potential. Also, given the nature of autoresonant pumping, ions of all masses and of many ion energies can be generated and analyzed within these MSs. In both cases the electron filament, apparent in Fig. 3 , is biased such that ions are formed with energies ranging anywhere between ϳ100 and 0 eV below the extraction energy. In practice a small dc bias ͑1 V͒ is also added to one end electrode such that ions are extracted from one end of the trap only.
The autoresonant driving frequency ramps need to have negative d / dt always; decreases smoothly. Many scan types which fulfill advantageous criteria, e.g., d / dt =−a ͑i.e., = at + C͒, or ϳ −log͑t͒, or ϳ 1 / t 2 , or d / dt ϳ −a ͓i.e., ϳ exp͑−at͔͒ have been shown to function well. For the spectra presented here frequency scans are performed in a fashion such that d / dt ϳ − 2 ͑i.e., ϳ C / t͒. This has the desired consequence that the number of rf cycles used to pump each ion over an energy ⌬E is independent of its mass/ is also utilized in MS1 ͑Fig. 3͒. As MS2 is mounted in a larger vacuum system, see Fig. 6͑b͒ , the multiplier of MS2 was also shielded to prevent detection of stray ion and/or electron currents. In both MSs the multiplier signal feeds to an in-air analog preamplifier and the analog signal is sampled directly with the audio card of the personal computer. The audio signal is then recorded as a function of time. This signal is later separated into full mass range scans and added together. Repeated scanning, as predicted, enhances signal-to-noise ratios.
The MSs were tested in many vacuum environments. The results presented here are for MS2 pumped with a Pfeiffer 70TMP turbomolecular pump, backed by a diaphragm pump. For MS1, the vacuum was generated and maintained with a 2 ls −1 ion pump alone. Operating parameters of these two MS systems are summarized in Table I below. Figure 7 shows averaged mass scans taken with the cylindrical mass spec ͑MS1͒ as illustrated in Fig. 3 . The residual gas pressure ͑referenced to an uncalibrated ion gauge͒ is estimated to be ϳ1 ϫ 10 −8 mbar. As anticipated with an electrostatic trap, the mass resolution scales accurately with mass. M / ⌬M is typically of order 40-80, dependent on working parameters, and is ϳ50 for the full scan shown in Fig. 7 . A small broad peak was unexpectedly observed at mass ϳ200. The system is showing the effects of a small mercury contamination. Stable Hg isotopes are found at 196, 198, 199, 200, 201, 202 , and 204 amu. These were not resolved here.
III. RESULTS
The constant M / ⌬M feature of electrostatic trap mass spectrometry is illustrated most dramatically in the log-log plot mass spectrum illustrated in Fig. 8 . There the individual mass peaks appear with constant widths, and M / ⌬M is 60 throughout. Figure 8 also highlights small subsidiary autoresonant signal features seen at low apparent masses. Two types of subsidiary signals are feasible. The applied rf is near perfectly sinusoidal in time but if this were not the case then harmonic contributions could give rise to superharmonic ͑subsidiary͒ features in mass spectra. Such harmonic features are not observed in our spectra. However, subharmonic features are visible in our spectra. 18 The subharmonic spectral features arise for two fundamentally distinct reasons, each of which is derived from the fact that the trap potential is not purely quadratic: ͑a͒ the ions do not undergo perfectly sinusoidal oscillations, and ͑b͒ the rf field experienced by trapped ions does not vary linearly in space. The confining potential is nearly symmetric, thus only third and higher odd harmonics have significant contributions in the instantaneous applied electrostatic forces, likewise only odd higher order harmonics are found in the instantaneous ion velocities. Both sources of odd harmonics imply that the driving frequency, , can also couple to the ions at natural resonance frequencies, = / N; N =3,5, etc. 18, 19 Therefore a high rf frequency can be used to autoresonantly excite an ion's energy and drive this heavy ͑mass M͒ ion from the trap before the fundamental frequency, , attains its Mz later in the scan. A third subharmonic drive thus can make heavy ions appear as lighter ions ͑mass MЈ͒ but with MЈ ϳ M / 3 2 = M / 9. ͑Strictly fifth and other odd higher order harmonics would have analogous effects, but they are thus far not observed.͒ In support of the subharmonically driven ions, a small peak is observed in Fig.  8 at M / z ϳ 1.33= 12/ 9. The 4 He 3+ ion is not feasible! "M / z " =18/ 9 and 16/9 features are also observed around the H 2 ͑mass 2͒ line. ͑The 18/9 does not align perfectly with M / z = 2 as, as we show later, the observed mass ejection frequencies are very slightly dependent on rf amplitudes and the third harmonic amplitude is much smaller than that of the fundamental.͒ Unfortunately, the third subharmonically driven, relatively abundant, mass 28 ions are observed only in the shoulder of the M / z = 3 peak which is anticipated for natural abundance hydrogen deuteride ͑HD͒ and H 3 + features. Figure 9 shows two magnifications of the background gases at 3 ϫ 10 −9 mbar for the alternative design of MS2 as shown in Fig. 6 . The mass resolution achieved here is again ϳ60, i.e., very similar to that found in Fig. 7 ͑for MS1͒. A mass spectrum for a vacuum containing a 10 −7 mbar partial pressure of perfluorotributylamine ͑PFTBA͒ is shown in Fig. 10 . This moderately volatile molecule is used as a standard in mass spectrometry as, under electron ionization, it typically displays a series of lone M / z at masses out to beyond 600 amu. Our mass spectrometry is able to pick out all the anticipated peaks. Incidentally the mass spectrum out to 700 amu takes just as long as any spectrum from 1 to 60 amu. The spectrum also does not exhibit any discernible nonlinearity in mass across this full mass range.
We stated above that the resolution of the MSs, while remarkably similar, do vary with operating conditions. Notably, the rf amplitude has strong effects on the sensitivity and resolution. A typical interdependence is shown in Fig. 11 . With a residual gas pressure ϳ5 ϫ 10 −8 mbar, the mass 28 peak signal level was recorded for successive scans taken with varying rf amplitudes. The trap potential energy depth is 300 eV. The ions are generated at energy levels from 0 down to Ϫ100 eV. In these scans, and at this mass, for 10 mV rf amplitudes the number of near resonant pumping cycles required is thus ϳ100 V / 10 −2 V=1ϫ 10 4 . This is achieved in Ͻ0.02 s. Thus, even with low rf amplitudes the full ion energy range can still be sampled within each scan. Yet the observations are that the peak intensity levels increase dramatically with increasing rf amplitude. This is only partially compensated by a rising ͑poorer͒ mass resolution ͑which is observed for all masses of the scans͒. As is so often the case, better high mass resolution comes at the expense of decreased sensitivity. The sharp onset of intensity with increasing rf amplitude, at ϳ10 meV in Fig. 11 , arises from the known "threshold" phenomenon. Ions are not able to lock-in autoresonantly if the drive amplitude falls below threshold. The specific threshold value is determined by the drive ramp rates, the scan rate, and the trap potential distribution. The highest mass resolution is achieved at this onset of signal; the reasoning behind this observation is the subject of further study. Note also the autoresonant nature of this signal is apparent first in the observation of threshold behavior. Second, the sensitivities here are achieved only when the drive frequency is ramped downwards. We have found that scans made in the reverse direction yield small signal levels which are typically ϳ10-100 times lower than for scans in the correct sense. Figure 12 investigates the linearity of response for Ne with its partial pressure in MS2. Two obvious effects are observed: a degradation of resolution with increasing overpressure together with a saturation of response at ϳ10 −7 mbar. Nonlinearity is observed at partial pressures as low as 2 ϫ 10 −9 mbar. Best characteristics are thus observed at low partial pressures, and the linearity can be somewhat extended with changes in the base pressure in this system. Space charge effects within the ion trap could be anticipated The MS is of the design shown in Fig. 3 . The circles ͑black͒ show the intensity response integrated over the peak at mass 28. Squares ͑red and right-hand axis͒ indicate the resolution observed for the same peak of the mass spectrum. P =5.5ϫ 10 −8 mbar. The data are taken with a trap voltage U trap = 300 V, emission current I e =10 A, and scan repetition rate = 27.0 Hz. The reported intensities measured are averaged over typical scanning times ϳ5 min.
at high pressures, and with high emission currents. ͑The effects are not considered important here, even with electron currents as high as 1 mA.͒ We believe that ion neutral scattering plays a role here. The most surprising result is the apparent resolution changes observed even at very low Ne partial pressures well below the base pressure. Note all quoted partial pressures are deduced from a quadrupole device but referenced to noncalibrated ion gauge responses. The resolution data may thus, in part, reflect a low and widely accepted Ne/ N 2 sensitivity ratio of ϳ0.23.
Lastly, we have investigated the stability of the mass ejection frequencies for the mass spec, MS1. Figure 13 shows a small variation ͑ϳ1%͒ in Mz for a wide variation in rf amplitudes. This variation appears to be linear in rf amplitude, ␣ 18 = 1.7ϫ 10 −2 % / mV at mass 18. A similar behavior is seen at all other masses. Without correction for the mass ejection frequency shift, with decreasing rf amplitude the same mass ions are ejected slightly later in a scan, namely they appear at lower frequencies, and would be interpreted as features associated with a slightly erroneous higher mass. Precisely this phenomenon was demonstrated for the subharmonic mass 18 peak which was seen as the right shoulder of M / z = 3 peak at a position corresponding to the M / z Ͼ 28/ 9 in Fig. 8 .
IV. APPLICATIONS
Despite substantial efforts and considerable progress toward development of field-portable MSs, existing MS technologies have not yet allowed creation of a lightweight handheld analytical instrument. Our novel MS can allow for this type of application.
To date the most simple and effective miniature mass analyzer was a QIT, 6, 7 which is also known as a cylindrical ion trap ͑CIT͒. ͑The CIT is just a specific variant of a QIT; the hyperboloidal surfaces are replaced with cylindrical surfaces.͒ A CIT consists of three electrodes: a small cylinder that is typically a few mm in diameter and a few mm high, and two flat electrodes with apertures. The ions are trapped in a virtual potential well induced by a high voltage rf potential ͑at a few MHz, and a few hundred volts͒ applied to the cylindrical electrode. It is possible to obtain a mass spectrum with good resolution by ramping up the rf potential, however the maximum available rf voltage limits the upper limit of the mass range. In addition, to achieve good mass resolution, and signal sensitivity, the ions inside the CIT must be "cooled" via collisions with a background buffer gas. 7 Smaller CIT traps require higher buffer gas pressures. A 10 mm size CIT requires a buffer gas pressure of the order of 10 −3 mbar. This high pressure makes it impossible to use a simple vacuum system with a compact ion pump and hence requires bulky and energy consuming mechanical pumps.
Miniature linear quadrupole MSs do not require a buffer gas for operation. However, just like the CIT MS, the mass range of the quadrupole MSs is limited by available power of the rf source. ͑High power rf sources get to be bulky and heavy components of the CIT and Quad MSs.͒ Also, unlike the CIT MS, linear quadrupole MSs can analyze ions of only one charge to mass ratio at any instant. This requirement greatly reduces the efficiency of the ionizer when full range mass scans are needed. Lastly, to achieve good mass resolution the quadrupole rods must be machined and positioned with an accuracy better then 0.1%, which means that for a 1 mm rod diameter the precision should be better then 1 m. Such a high precision also makes the manufacture of miniature quadrupole MSs very difficult and expensive. Other types of MS, such as those requiring TOF analysis or magnetic sectors, cannot be miniaturized to sizes smaller than a few cm without severe loss of resolution and sensitivity.
Our MS is ideal for a portable handheld analytical system, in that it has high sensitivity at low background pressures in the 10 −8 mbar range ͑where a small low-power ion pump can be used to sustain vacuum͒ it requires only a very FIG. 12 . ͑Color online͒ Relative integrated mass spectra peak intensities with varying Ne overpressure. ͑Base pressure P =7ϫ 10 −9 mbar.͒ The MS is of the design ͑MS2͒ shown in Fig. 6 . The circles ͑black͒ show the integrated intensity response at mass 20, indicative of the Ne + ion. Squares ͑red and right-hand axis͒ indicate the resolution observed for the same peak of the mass spectrum. Throughout the data set, the rf amplitude is 40 mV, trap voltage U trap = 2000 V, emission current I e = 1 mA, and scan repetition rate= 27.0 Hz. The intensities are each measured over 0.3-3 min scan periods. Partial pressure measurements are referenced to UTI 100 C quadrupole readings.
FIG. 13. Observed ejection frequencies, for M / z = 18 ions, for varying rf amplitudes. ͑Base pressure P =5ϫ 10 −8 mbar.͒ The MS is of the design MS1 shown in Fig. 3 . The trap voltage U trap = 300 V, emission current I e =10 A, and scan repetition rate= 27.0 Hz. small-power rf source, and it has an unlimited mass range. Importantly, as this electrostatic trap has anharmonic potentials, its fabrication is much less complex and the machining tolerances are much less stringent. Consequently also the trap is easily miniaturized with its simple low-cost design.
Other applications for the ART-MS include functioning as a mass selective pulsed ion source. Likewise it can operate as any intermediate stage in a tandem mass spec system. The ART-MS design can also be used with ion mobility back end detection.
